Male mating success is often determined by body size or secondary sexual characters because of female mate choice or competition for females. In addition to intraspecific interactions, interspecific interactions may interfere with intraspecific selection. In this study, we investigated sexual selection on size and sexual characters of male banded demoiselle (Calopteryx splendens (Harris, 1780)) in wild populations sympatric with the beautiful demoiselle (Calopteryx virgo (L., 1758)). As secondary sexual characters, male C. splendens have pigmented wing spots whose size appears to be under positive selection. Male C. virgo resemble male C. splendens that have the largest wing spots, leading to interspecific male-male aggression and possibly also to heterospecific matings via mistaken species recognition. If interspecific interactions interfere with intraspecific sexual selection on wing-spot size of C. splendens, their effects should increase with the increasing relative abundance of C. virgo. Our results did not show the expected positive selection on wing-spot size in C. splendens, suggesting that interspecific interactions might interfere with sexual selection. Also, we observed no relationship between the strength of interspecific sexual selection and the relative abundance of C. virgo. However, there was a positive intraspecific density-dependent sexual selection for larger size. Although the present results are tentative, we suggest that interspecific interactions should be considered along with intraspecific selection when studies of sexual selection are performed in the wild.
Introduction
Sexual selection is competition within a sex for access to gametes of the opposite sex Jennions and Kokko 2010) . The observed pattern is often such that males are more ornamented or armed than females and that the mating success of males is related to their secondary sexual characters (Andersson 1994; Møller and Alatalo 1999; Jennions et al. 2001; Kotiaho et al. 2001 Kotiaho et al. , 2008 Clutton-Brock 2007; Jennions and Kokko 2010) . However, exceptions for this pattern exist and males with the more elaborate secondary sexual characters are not always the most successful ones. For example, expression of sexual characters of high-quality males may resemble those of a closely related species and females may evolve to mate with low-quality conspecific males to avoid hybridization (Pfennig 1998 (Pfennig , 2000 . Alternatively, other interspecific interactions, such as differential aggression towards males with more exaggerated sexual characters, may also influence male mating success (see Alatalo et al. 1994; .
One interspecific interaction in the face of sexual selection is the avoidance of maladaptive hybridization. If hybridization, or indeed even mating between two species, has a negative impact on fitness, mate discrimination ability may evolve to be more precise or an adaptation may evolve in which individuals prefer conspecifcs that are phenotypically divergent from the heterospecifics. Consequently, frequency of matings between the species is reduced, reinforcing premating reproductive isolation in sympatric populations. This process is known as ''reinforcement'' and the resulting divergence in mate discrimination ability, mate preference, or in secondary sexual characters between sympatric and allopatric populations is known as ''reproductive character displacement'' (e.g., Dobzhansky 1951; Howard 1993; Saetre et al. 1997; Higgie et al. 2000; Marshall and Cooley 2000; Servedio 2001; Servedio and Noor 2003; Lukhtanov et al. 2005; Cooley 2007) . Although the pattern of reproductive character displacement has traditionally been measured by comparing the traits of interest between allopatric and sympatric populations, it can also be measured within sympatric populations by relating the traits of interest to the relative abundance of the species (Howard 1993; Noor 1995; Marshall and Cooley 2000; Peterson et al. 2005 ; see also Pfennig and Murphy 2002; Pfennig and Pfennig 2009 ).
An idea has been presented that differential interspecific aggression, rather than reinforcement, may cause the pattern of female mate choice or male characters to resemble reproductive character displacement (Tynkkynen et al. , 2005 Mullen and Andrés 2007; Grether et al. 2009 ; see also Anderson and Grether 2010) . Differential interspecific aggression is possible, for example, when males with the most exaggerated sexual characters resemble males of another species, leading to mistaken species recognition. Differential interspecific aggression may have a negative effect on male mating success if it reduces the ability of males to provide direct benefits for females. For example, males with the most exaggerated sexual characters may not be able to obtain or keep a territory in the presence of heterospecific males (Tynkkynen et al. 2006 ; see also Seehausen and Schluter 2004; Dijkstra et al. 2007 ). Thus, the interspecific aggression may lead to a situation in which males with less exaggerated sexual characters have better mating success than they would otherwise have.
The banded demoiselle (Calopteryx splendens (Harris, 1780)) (Odonata: Zygoptera) and the beautiful demoiselle (Calopteryx virgo (L., 1758)) (Odonata: Zygoptera) are two closely related species, individuals of which inhabit river habitats and interact in the wild. Mature males of both species defend floating vegetation in rivers as territories against conspecifics males (Pajunen 1966; Gibbons and Pain 1992) , but nonterritorial males also exist (e.g., Forsyth and Montgomerie 1987; Plaistow and Siva-Jothy 1996; Koskimäki et al. 2009 ). Males of the two species have dark pigment in their wings as secondary sexual characters; male C. splendens have dark pigmented wing spots in the middle of their wings, whereas male C. virgo have wings that are almost completely pigmented. Wing-spot size of C. splendens varies within and between populations (Svensson et al. 2004; Tynkkynen et al. 2004) ; when wing spots are large, male C. splendens begin to resemble male C. virgo.
In Calopteryx damselflies, female mating decision is affected by male territoriality and wing pigmentation: females preferentially mate with territorial males and seem to prefer males with large wing spots or males with a greater extent of wing pigmentation (Siva-Jothy 1999; Córdoba-Aguilar 2002) . However, interspecific interactions may also influence the mating success of male C. splendens. This is because male C. virgo are more aggressive towards largespotted than towards small-spotted male C. splendens , and this differential aggression seems to interfere with the territoriality of male C. splendens (Tynkkynen et al. 2006) . In interspecific territorial contests, C. virgo is superior over C. splendens, probably because of their slightly larger size . Previous research on other calopterygid species suggests that territorial males should have larger wing spots than nonterritorial males (Grether 1996a; Siva-Jothy 1999; Córdoba-Aguilar 2002; Contreras-Garduño et al. 2008) . Thus, the observation that territorial male C. splendens do not have larger wing spots when in sympatry with C. virgo (Tynkkynen et al. 2006 (Tynkkynen et al. , 2009 ; but see Rantala et al. 2010) lends support for the assertion that C. virgo interferes with the territoriality of C. splendens. In addition to the interspecific aggression, the two species interact by mating with each other, which results in a low frequency of hybrids in the wild (Tynkkynen et al. 2008) . Provided the hybrids have reduced survival or fertility, or matings between heterospecifics are otherwise costly, there can be selection on either sex to avoid matings with heterospecifics. Indeed, there is character displacement in wing-spot size of males C. splendens such that the wing-spot size is negatively related to the relative abundance of male C. virgo . Thus, it is likely that interspecific aggression, avoidance of maladaptive hybridization, or both have had an effect on the wing-spot size of male C. splendens. This gives rise to a hypothesis that these interspecific interactions may also interfere with sexual selection of male C. splendens.
We had two aims in this study. First, we determined the intensity of directional sexual selection on wing-spot size and male size in C. splendens. Second, we determined whether the intensity of sexual selection is related to the relative abundance of the two species or to the density of male C. splendens. A negative relationship between the intensity of selection and the relative abundance of the two species would suggest that interspecific interactions indeed interfere with sexual selection of C. splendens. Although mating selection on wing-spot size and its relationship between relative abundance of the two species were our main interest in this study, we also analyzed whether intraspecific factors owing to density-dependent sexual selection could be related to the observed pattern of mating selection.
Materials and methods

Study populations
The study was performed in central Three of the populations (River Kierniemi, River Suihkolanjoki, and the lower section of the River Neulajoki) were visited less intensively. Populations were monitored between 0900 and 1800 when both species were active. Monitoring lasted 0.5-6 h, during which matings were observed. Svensson et al. (2006) studied sexual selection on morphology in C. splendens and found that a short observation period (from minutes to hours) yields similar estimates of gradients of sexual selection as does a longer observation period (days). Therefore, the relatively short monitoring period used in our study should be appropriate. In 2001 and 2003, matings were observed at the same time as conducting other observations related to other studies, but in 2002, we concentrated only on observing matings.
Estimation of the relative abundance of male C. virgo, and density and wing measurements of male C. splendens
To determine the relative abundance of C. virgo and the density of C. splendens, we first caught all males of both species during each visit from a predetermined section (50-125 m) of each of the rivers. If the density of individuals was very high and we were unable to catch all of them (which was the case for two populations in year 2001 and for one population in both years 2002 and 2003), we caught males of both species for approximately 2 h (in year 2001) or until we had caught about 40 male C. splendens (in years 2002 and 2003) . To calculate the relative abundance of male C. virgo, the total number of male C. virgo was divided by the total number of males of both species. The density of male C. splendens was calculated as males per 1 m of the river. From the two populations that we were unable to catch all of the males, we could not obtain the absolute density. However, we were able to rank the density of C. splendens, because three field workers independently assigned density rank for the two densest populations. All of the field workers agreed on the order of the populations. The highest rank was assigned to the densest population.
Wing-spot size (length of the spots) and the length of the wings of male C. splendens were measured from hind wings with digital calipers to the nearest 0.01 mm. Measurements were mostly taken from mature individuals (ca. 2% of marked males were immature when measured) to reduce a risk to biases that late-developing characters could cause on selection estimates if measured too early (see Grether 1996b) . Although the wing spot is fully developed in mature individuals of the closely related western demoiselle (Calopteryx xanthostoma Charpentier, 1825) (Siva-Jothy 1999), we have observed that wing-spot size can decrease with age. However, because the decrease in wing-spot size with age happens very slowly (K. Kuitunen, J. Suhonen, and J.S. Kotiaho, unpublished data), and because of the short life span of mature males (Svensson et al. 2006; Tynkkynen et al. 2009 ), this decrease should not be a great problem in our study. In another Calopteryx species, wing length correlates with mass and body length of males (Beck and PruettJones 2002; Koskimäki et al. 2009 ) and thus can be used as a proxy for male size. Repeatabilities of wing measurements are >0.96 . Before release, the hind wings of male C. splendens were marked with a unique three-letter code with silver marking pen. We recognize that marking wings has the potential to disturb male mating success, e.g., if females avoid marked males. However, other techniques used to mark large numbers of individuals were not feasible. Nevertheless, we saw marked males defending their territories and observed them mating, suggesting that they were behaving normally and that females were accepting them as mates. Male C. virgo were also marked and released.
Observation of mating success
We patrolled along a river to observe matings. We interpreted a male as mated if he was seen in tandem (i.e., precopulation, where a male grasps a female by her neck with his anal appendages) or in copulation with a female. Tandems rarely break up without copulation (see Cordero and Andrés 2002) ; thus, we counted them as copulations. Hereafter, tandems and copulations are both called matings. Males that had already been marked were identified with binoculars. If a mating male was not marked, then it was caught, measured, and marked. We also noted the species of female that the male C. splendens was mating with (i.e., the conspecific C. splendens or the heterospecific C. virgo). Although matings were observed once a week (or rarer; see less intensively studied populations above) and thus not all matings were observed, there is no reason to expect that the ones we did observe would not be representative of the male mating pattern in a population. In 37 out of 90 visits, at least one mating was recorded; we present data from these 37 visits.
Selection analyses
Before analyzing the intensity of directional sexual selection, sizes of wing spots and individuals were standardized to a mean of zero and unit variance for each sampling day within each population. This was done to remove potential differences between sampling dates in the characters of interest (i.e., there can be seasonal changes in wing character-istics; K. Kuitunen, J. Suhonen, and J.S. Kotiaho, unpublished data) , to allow the combination of data from each population and to make selection coefficients comparable with each other. In populations where we were not able to catch all the males, standardization was based on the males that were caught during the determination of the relative abundance of male C. virgo. This random sample of males is representative and unbiased and thus can be used in standardization. In these populations, we did not include in the standardization the unmarked males that were later observed mating during the mating observations. This is because the mated males may no longer represent a random sample of all of the males and thus would possibly introduce a bias into the selection analyses. In three cases, a male was observed mating twice. These three males were included twice in the analysis because excluding them would have underestimated their effect on the actual selection coefficients. We acknowledge that this causes a small element of pseudoreplication in our data; however, only 3 males out of 83 mated males were duplicated. This inflation of the degrees of freedom is not likely to influence the main conclusions of the analyses.
We estimated directional sexual selection by using standardized selection differentials and gradients. To estimate total (including direct and indirect) sexual selection on wingspot size and male size, standardized selection differentials (s') were used. Standardized selection differentials were estimated as the difference in standardized trait means before and after selection. Significance of each selection differential was tested with a t test (Endler 1986) .
To estimate direct sexual selection acting on wing-spot size and male size, we used multivariate analysis. In our case, the traditional method of estimating multivariate selection using multiple linear regression (Lande and Arnold 1983) may not be the best method because our fitness variable is not continuous or normally distributed; mating success was predominately 0 or 1 matings. Thus, we estimated standardized selection gradients (b') using logistic regression (Janzen and Stern 1998) . In this method, multivariate logistic regression coefficients are transformed to be comparable with selection gradients obtained from linear regression (Janzen and Stern 1998) . Relative fitness of males was calculated using the number of marked males present when matings occurred and the number of observed matings. Statistical significance of selection gradients were estimated by analysis of deviance (Hardy and Field 1998) . Because of the limited sample size in our study, we only considered directional selection gradients and did not attempt to analyze higher order relationships such as stabilizing or disruptive selection gradients. Excluding the analysis of deviance, all statistical tests were performed with SPSS version 11.0.1 (SPSS Inc., Chicago, Illinois, USA).
Results
We observed a total of 88 matings, meaning that 8% of males were observed mating ( Table 1 ). The number of observed matings per population was 12.6 ± 10.7 (mean ± SD), ranging from 3 to 35. From the matings, two (or 2.3%) occurred between male C. splendens and female C. virgo. Both of the heterospecific matings were actual copulations.
In total, there was no directional sexual selection on size of wing spots of males or size of male C. splendens (Table 1) . This was also the case when each year was analyzed separately, with the exception of the positive selection on male size in 2002. When selection coefficients were estimated for each population, there was no directional selection on wing-spot size in any of the study populations. For male size, there was positive mating selection in the River Niemenjoki. Directional selection on male size was not observed in other populations (Figs. 1A-1D ). From two of the populations (upper section of the River Neulajoki and the River Niemenjoki), we were able to estimate yearly selection coefficients. Not one of the yearly selection coefficients for wing-spot size were statistically significant, whereas statistically significant negative and positive selections on male size were observed (Table 2) .
There was no relationship between the relative abundance of male C. virgo and the standardized selection differentials or gradients for wing-spot size (Spearman's rank correlation; r S = -0.04, n = 7 (populations), P = 0.939 (Fig. 1A) and r S = 0.00, n = 7, P = 1.00 (Fig. 1B) , respectively). However, there was a tendency for females to mate with smaller male C. splendens when the relative abundance of male C. virgo increased (Spearman's rank correlation; selection differentials and gradients for size: r S = -0.71, n = 7, P = 0.071 for both; Figs. 1C, 1D ).
There was no relationship between density of male C. splendens and sexual selection on wing-spot size (Spearman's rank correlation for selection differentials and gradients: r S = 0.21, n = 7 (populations), P = 0.645 and r S = 0.14, n = 7, P = 0.760, respectively). In contrast, sexual selection on male size was positively correlated with density of conspecific males (Spearman's rank correlation for selection differentials and gradients: r S = 0.96, n = 7, P < 0.001 for both; Figs. 2A, 2B ). However, there seems to be a negative correlation between the density of male C. splendens and the relative abundance of male C. virgo (Spearman's rank correlation: r S = -0.86, n = 7, P = 0.014). Because of this relationship, we reanalyzed the data using multiple linear regression analysis to partial out the independent effects of the variables, although the density variable was measured using the ordinal scale. First, we performed an analysis of multicollinearity. Multicollinearity statistics revealed that over 90% of the variance in both density of C. splendens and relative abundance of C. virgo were associated with the same statistical condition index of 17.74 (the values were the same for selection differentials and gradients). This means that there is an element of collinearity between the two variables, which may somewhat compromise the analysis of multiple regression. Nevertheless, the overall multiple regression model was significant (selection differentials: F [2, 4] = 15.09, P = 0.014, R 2 = 0.88; selection gradients: F [2, 4] = 14.37, P = 0.015, R 2 = 0.88). The relative abundance of male C. virgo had no independent effect on mating selection for male size, but the density of male C. splendens did (selection differentials, relative abundance: t = 1.77, P = 0.152; selection differentials, density: t = 4.19, P = 0.014; selection gradients, relative abundance: t = 2.03, P = 0.112; Fig. 1 . Relationships between the relative abundance of male beautiful demoiselle (Calopteryx virgo) and selection coefficients on wing characteristics of male banded demoiselle (Calopteryx splendens). Relationship between the relative abundance of male C. virgo and the standardized selection differentials for wing-spot size (A), the standardized selection gradients for wing-spot size (B), the standardized selection differentials for male size (C), and the standardized selection gradients for male size (D). Selection coefficients are reported as mean ± 1 SE. *, P < 0.05. selection gradients, density: t = 4.29, P = 0.013). Regardless of the possible problem of multicollinearity, the results are likely to be reliable because both the multiple regression and the Spearman's rank correlation provided qualitatively similar results.
Discussion
In this study, we did not detect consistent mating bias towards large-spotted male C. splendens. This was somewhat surprising because in a closely related Calopteryx species, large-spotted males or males with a higher proportion of wing pigmentation have the greatest success in sexual selection (Siva-Jothy 1999; Córdoba-Aguilar 2002). Although our sample sizes are limited in some populations and thus power to detect significant effects relatively low, the signs of the selection differentials and gradients for wing-spot size vary among populations and the overall effects are fairly small being ca. 0.10 for both. Moreover, in the population in which we have most power (Niemenjoki with 35 matings), the selection for wing-spot size is far from significant and the sign is negative. There can also be yearly variation in the direction of directional selection on wing-spot size of C. splendens (Svensson et al. 2004 ; see also Siepielski et al. 2009 ). Since we combined data from several years in our analyses, such fluctuation might influence the pattern of selection observed in our analyses. However, in two of the populations from which we were able to estimate yearly selection coefficients, there still was no directional selection on wing-spot size. These result suggest that either (i) wingspot size of C. splendens does not indicate male success in intra-or inter-sexual interactions in the first place, or that (ii) interspecific interactions or some other factors related to occurrence of competing species may reduce the role of wing spots in mating selection.
In this study, we observed two copulations between male C. splendens and female C. virgo. The costs of matings between the two species are not known, although waste of gametes and time can be suggested as costs. Even though production of hybrids between the species is likely to be maladaptive (see Tynkkynen et al. 2008) , the costs for heterospecific matings for females can be reduced by remating with a conspecific male or by selecting sperm from males of one's own species (Marshall et al. 2002) . However, because of the low frequency of heterospecific matings and even lower frequency of hybrids in the wild (Tynkkynen et al. 2008) , as well as good species recognition ability of female C. splendens (Svensson et al. 2007) , it is unlikely that avoidance of heterospecific matings creates the pattern of nonexistent directional selection on secondary sexual characters in this study.
In contrast to avoidance of heterospecific matings and hybridization, interspecific aggression may have a role in shaping male mating success in C. splendens. This is because it seems that interspecific aggression reduces the ability of large-spotted male C. splendens to obtain or keep a territory: territorial male C. splendens do not have larger wing spots than nonterritorial males when in sympatry with C. virgo (Tynkkynen et al. 2006 (Tynkkynen et al. , 2009 ; but see Rantala et al. 2010) , which is in contrast to studies conducted with other calopterygid damselflies (Grether 1996a; Siva-Jothy 1999; Córdoba-Aguilar 2002) . Large-spotted male C. splendens are also unable to occupy a territory near territorial male C. virgo (Tynkkynen et al. 2006) , which may force large-spotted male C. splendens to lower quality territories. In addition, because flying and fighting are energetically costly (May 1984; Plaistow and Siva-Jothy 1996; Koskimäki et al. 2004) , attacks by male C. virgo could reduce fat reserves and thus exhaust large-spotted male C. splendens, reducing their territory holding potential. Intensive attacks from heterospecific males may also reduce attractiveness of males to females, because less fighting male Calopteryx are observed copulating more often than more fighting males (Hooper and Siva-Jothy 1997) . These possible effects of interspecific aggression on male attractiveness suggest that interspecific aggression could potentially affect female mating decisions.
One of our hypotheses was that if interspecific interactions have an effect on sexual selection, then there should be a negative correlation between selection coefficients on wing-spot size and relative abundance of C. virgo. Although our reasoning above suggests that interspecific interactions may affect sexual selection in sympatric populations, there was no correlation between relative abundance of C. virgo and standardized selection differentials or gradients for wing-spot size of male C. splendens. This suggests that the previously observed character displacement in wing-spot size of C. splendens might not be directly due to sexual selection, but is more likely to be due to the reduced longevity of large-spotted males as a result of differential interspecific aggression (see Tynkkynen et al. 2005 ; but see results of Relationships between density of male banded demoiselle (Calopteryx splendens) and selection coefficients. Relationship between density rank of male C. splendens (1, the lowest density population; 7, the highest density population) and mating selection on male size estimated as standardized selection differentials (A) and standardized selection gradients (B). Selection coefficients are reported as mean ± 1 SE. *, P < 0.05. Svensson et al. 2006 ). However, a more effective way to study the effect of sympatry with C. virgo on mating selection of C. splendens would be comparing mating selection between allopatric and sympatric populations, but unfortunately, because of the rarity of allopatric populations of C. splendens in Finland ), we were unable to do this. Thus, we cannot confirm that there would be positive selection on wing-spot size of C. splendens when C. virgo is absent and must rely on patterns observed in other closely related species.
In addition to interspecific interactions, intraspecific factors may have an effect on mating success of male C. splendens. In territorial odonate species, larger males generally have a higher mating rate and better success in territory defence compared with smaller males probably because they are better in male-male competition over territories (Sokolovska et al. 2000) . However, our result suggests that the advantage of size on male mating success is positively density dependent. The explanation may be that intraspecific male-male competition for territories increases with density of males, thus increasing the advantage of large males (Calsbeek and Smith 2007; Koskimäki et al. 2009 ). Furthermore, it has been observed in calopterygid damselflies that territorial behaviour is less common in high male densities, probably because defending territories can become too costly (Cordero 1999; Contreras-Garduño et al. 2009 ). If large males are somehow able to benefit from their size also when nonterritorial, it could explain the observed positive relationship between density of conspecific males and intensity of selection on male size. In contrast to this idea, the meta-analysis of Sokolovska et al. (2000) suggests that large males of nonterritorial odonata species do not benefit from their size when measured by mating rate. Thus, other factors may be present that are causing the density-dependent pattern observed in this study.
In conclusion, although our results are still tentative in their nature, we suggest that interspecific aggression in sympatric populations has at least the potential to interfere with sexual selection of C. splendens so that the importance of male secondary sexual characters disappears. In addition, advantage of male size is positively related to the density of conspecifics in a population. Although our study is based only on correlations, it is of interest for two reasons. First, evidence for density-dependent patterns in sexual selection is surprisingly scarce (Zeh 1987; Conner 1989; Kokko and Rankin 2006; Lehtonen and Lindström 2008; Gosden and Svensson 2009 ). Second, our study suggests that the interplay between different intra-and inter-specific interactions in sexual selection might be more complicated than has been realized. In other words, in addition to direct effects of intra-and inter-specific interactions on sexual selection, interspecific interactions may also influence the density of the competing species, thus causing indirect effects through density-dependent processes in sexual selection.
